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ABSTRACT 


’Cosensitized  elec tron- transfer  photooxygenation  has  been  developed  'in-opr 
''tailor a tTory  as  a  new  method  for  the  photochemical  oxidation  of  various  organic 
substrates.  Compounds  which  are  relatively  resistant  to  standard  photooxygenation 
procedures  can  be  oxidized  by  a  process  that  utilizes  a  non-light-absorbing 
aromatic  hydrocarbon  (biphenyl,  BP)  as  a  catalyst  or  cosensitizer  in  conjunction 
with  the  cyano-substituted  sensitizer,  9, 10-dicyanoanthracene  (DCA) .  Irradiation 
with  visible  light  (400-450  nm)  in  the  presence  of  oxygen  promotes  electron 
transfer  from  the  cosensitizer  to  singlet  excited  DCA  with  subsequent  generation 
of  superoxide  ion.  Attack  by  this  highly  reactive  species  on  the  organic  substrate 
or  its  radical  cation  effects  the  oxidation  of  the  material. 

Under  this  contract,  we  have  investigated 'The  photochemical  conversion  of 

epoxides,  aziridines,  and  cyclopropanes  to  1 , 2 , 4-tr ioxolanes  (ozonides)  ,  1,2,4- 

_ V  ■  1  ;  l ,  *|  I  v  J  r>  (A  : 

dioxazolidines,  and  l , 3-dioxolaneS ,  respectively!'  Insight  into  the  mechanism  of 
the  DCA-sensitized  photooxvgenation  of  epoxides  and  aziridines  was  obtained  through 
a  study  of  the  stereochemistry  of  the  reactions.  The  exclusive  formation  of  the 
cis  ozonide  and  c is  1 , 2 , 4-dioxazolidine  from  2 , 3-diphenvloxirane  and  2,3- 
diphenylaziridine  has  suggested  a  mechanism  involving  the  addition  of  singlet 
oxygen  as  a  dipolarophile  to  intermediate  carbonyl  and  azomethine  ylides.  DCA-BP 
cosensitized  photooxygenation  has  also  been  utilized  to  provide  a  new  approach 
to  the  synthesis  of  chemiluminescent  1 , 2-dioxetanes M 


X 

AA 

x  =  o,ch2,  nr 


DCA ,  hV  i 
02 


0-0 


We  have  also  developed  a  new  polymer- immob il ized  chemical  source  of  singlet 
oxygen.  Photooxvgenation  of  the  polystyrene-bound  naphthlene  at  -78°C  results 
in  an  endoperoxide  which  cleanly  liberates  singlet  oxygen  on  warming  to  ambient 
temperature . 
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SUMMARY  OF  ARO-SUPPORTED  RESEARCH 


1.  Introduction  -  Mechanisms  of  Photooxvgenat ion .  Two  general  mechanisms 
for  the  oxidation  of  organic  and  biological  substrates  under  the  influence  of 
light,  oxygen,  and  a  sensitizer  have  been  identified  (Scheme  1).  One  process 
involves  the  absorption  of  visible  light  by  a  sensitizer  (usually  a  dye)  with 
subsequent  energy  transfer  to  ground  state  oxygen  to  produce  singlet  oxygen 
('o?).  This  metastable  species  exhibits  high  reactivity  towards  a  variety  of 
organic  substrates  including  alkenes,  dienes,  aromatic  hydrocarbons,  and 
sulfides.''’  A  second  type  of  photosensitized  oxygenation  results  from  transfer 
of  an  electron  or  hydrogen  atom  in  a  direct  interaction  of  the  excited  sensitizer 
and  organic  substrate.  Reaction  of  the  radical  intermediates  with  oxygen  yields 
the  oxidation  products. 

Scheme  1 
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r  2  " 
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An  example  of  this  second  type  of  oxidation  process  is  elec tron-transf er 
photooxygenation  with  cvnno-substituted  aromatic  sensitizers  such  as  9,10- 
dicyanounthracene  (DCA).  DCA-sens it ized  uxv"onnt ions  of  alkenes.  dienes, 
acetylenes,  and  sulfides  have  been  reported. “  Phot ooxy gena t ion s  with  DCA  are 
carried  out  in  pol.ir  solvents  such,  as  acetonitrile  using  400  nm  light.  Quenching 
of  singlet  excited  DCA  by  the  substrate  results  in  electron  transfer  and 


The  free  energy  change  (.X)  involved  in  the  electron-transfer  quenching  of 

1  *  3 

DCA  is  given  by  the  Weller  equation: 

+  -  o 

AG  =  23.06  [ E( S/S' )  -  E(DCA'/DCA)  -  e"/ae  -  AE  ] 

O  0,0 

-f-  — 

where  E ( S / S ' )  is  the  oxidation  potential  of  substrate,  E(DCA'/DCA)  is  the 

2 

reduction  potential  of  the  sensitizer,  e“/ ae  is  the  energy  gained  by  bringing 

the  two  radical  ions  to  encounter  distance  a  in  the  solvent  of  dielectric 

constant  e  (''■>  0.06  eV  in  MeCN),  and  AE  is  the  electronic  excitation  energy 

o,o 

of  DCA.  For  DCA  where  E( DCA' /DCA)  =  -0.98  V  vs.  SCE  in  MeCN  and  AE  =  2.89  eV, 

o ,  o 

1  * 

Foote  has  calculated  that  electron-transfer  quenching  of  DCA  should  be 
exothermic  for  substrates  with  oxidation  potentials  less  than  2  V  relative  to 
SCc.  Subsequent  steps  in  the  mechanism  for  elec tron-transf er  photooxvgenation 

are:  (1)  transfer  of  an  electron  from  DCA-  to  oxvgen  to  generate  0o‘  and  (2) 

—  + 

reaction  of  0?‘  with  S’  to  yield  the  peroxidic  products. 


Scheme  2 
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tw 

MeCN 
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*  07  - ►  oxidation  products 

Until  recent lv,  photooxygenations  by  the  above  process  were  limited  to  those 

substrates  that  quench  the  fluorescence  of  DCA.  However,  a  method  has  now  been 

developed  bv  our  group  for  the  electron-transfer  photooxvgenation  of  compounds 

that  have  oxidation  potentials  greater  than  2  V  and  that  consequentlv  do  not 

9 

quench  singlet  excited  DCA.  For  example,  epoxides  that  are  unreactive  under 


standard  DCA-sensitized  conditions  can  be  readily  converted  to  the  corresponding 


ozonides  in  high  yield  by  use  of  a  non- 1  igh t-.ibsorb i ng  aromatic  hydrocarbon 
(biphenyl,  BP)  as  a  catalyst  or  cosensitizer  in  conjunction  with  DCA.^  It 
should  be  noted  that  BP  is  not  consumed  in  these  reactions.  Recent  stuuies 
have  shown  that  DCA-BP  cosensitizat ion  can  provide  dramatically  enhanced  rates  or 
photooxygenation  for  a  wide  variety  of  substrates. 

2.  Photochemical  Conversion  of  Epoxides  to  Ozonides.  Our  ARO-suppor ted 

research  on  photooxvgenation  resulted  in  the  first  report  of  the  photochemical 

9 

conversion  of  an  epoxide  to  an  ozonide.  The  photooxvgenation  of  tetraphenvl- 
oxirane  (1)  was  initially  carried  out  in  acetonitrile  with  only  DCA  as  the 
sensitizer.  Although  the  reaction  required  over  40  h  irradiation  with  a  450-W 
Hg  lamp,  ozonide  2  could  be  isolated  in  514  yield.  The  slow  rate  of  the  reaction 


Ph 

Ph 


Ph 

Ph 


h\?,  DCA,  BP  m 
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Oz.  MeCN 


Ph 


Ph  \  /  Ph 

O—O 
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was  not  surprising  as  _1  exhibits  an  oxidation  potential  above  2  V  and  does  not 
measurably  quench  the  fluorescence  of  DCA  in  acetonitrile.  We  found,  however, 


that  a  significant  enhancement  in  the  rate  of  the  DCA-sensitized  photooxvgenation 


of  epoxide  1_  was  observed  in  the  presence  of  biphenyl  (BP).  Addition  of  1  x  10 
BP  to  the  reaction  solution  resulted  in  complete  conversion  of  1  in  10  min  and 
formation  of  934  ozonide  2.  Control  experiments  have  shown  that:  (1)  no 
oxidation  occurs  in  the  absence  of  DCA;  (2)  BP  is  not  consumed  In  the  reaction; 
(3)  ozonide  2  is  stable  to  the  photooxvgenation  conditions  and  (41  epoxide  1  is 
not  oxidized  upon  irradiation  with  a  400-W  h  ioh-pressure  sodium  lamp  with  Rose 
Bengal  in  acetonitrile,  indicating  that  1  does  not  react  with  '(),  direct!;.1. 

Insight  into  the  mechanism  of  this  reaction  was  obtained  bv  m  invest  i gat  ion 
of  the  DCA-BP  cosensitized  photooxvgenation  of  cis-2,  3-d iphenvl ox i rone  (3a)  and 


10 


and  trans-2, 3-dipheny loxirano  (3b).  We  observed  that  photooxvgena tion  of  3a 
and  ^3b  gives  rise  exclusively  to  the  e is  ozonide  4a.  Authentic  samples  of  cis- 
and  trans-3 , 5-dipheny 1-1,2, 4-t rioxo lane  (4a  and  4b,  respectively)  were  obtained 
from  a  mixture  prepared  by  ozonation  of  trans-stilbene . 


hy,  DCA.  BP 
"  02.  MeCN 


PhN^  VPh 
h  \  r  h 

0  —  0 


Hv/  \>f 

Ph"'  \ 


We  have  proposed  that  BP  acts  as  a  cosensitizer  in  photooxygenations  by  a 

process  analogous  to  homogeneous  redox  catalysis  for  electrode  reactions 

Epoxides  _1  and  _3  do  not  quench  the  fluorescence  of  DCA  in  MeCN  as  is 

expected  for  compounds  with  oxidation  potentials  greater  than  2  V  vs.  SCE 

(trans-2, 3-dipheny loxirane  ( 3b ) ,  E^  =  1.89  V  vs.  Ag/AgNO^  in  MeCN  * 4 ;  ■  2.2  V  vs. 

SCE  in  MeCN).  However,  BP  is  more  casilv  oxidized  (E°X  =  1.90  V  vs.  SCE  in 

P 

MeCN)  than  the  epoxides  and  therefore  quenches  DCA  more  efficient lv  (k  for 

q 

9-1-1  -  f 

BP  =  3.1  x  10  M  s  )  to  generate  DCA'  and  BP'.  Although  energetically 

+ 

unfavorable,  a  reversible  electron  transfer  from  the  epoxides  to  BP'  could 
generate  the  unopened  epoxide  radical  cation.  This  step  would  be  driven  by  the 
subsequent  formation  of  the  ring-opened  radical  cation  and  irreversible  reaction 
with  0o'  to  yield  the  ozonide  (Scheme  3). 

Of  additional  Interest  are  the  mechanistic  implications  of  the  exclusive 
formation  of  cis  ozonide  4a  from  both  epoxides  3a  und  3b.  These  results  are 


not  consistent  with  a  mechanism  involving  attack  of  0  '  on  epoxide  radical 
cation  5  to  give  long-lived  hiradical  or  zwitterion  intermediates.  Such 


mechanisms  would  predict  the  formation  of  a  mixture  of  isomeric  ozonides.  A 


plausible  mechanism  that  is  consistent  with  the  stereoselective  formation  of 
ozonide  4a  involves:  (1)  formation  of  the  most  stable  11,  L>con  format  ion  of 
epoxide  radical  cation  5  from  either  3a  or  3b;  (2)  subsequent  reduction  of  3  by 
0^'  (or  DCA' )  to  yield  the  E, E-isomer  of  carbonyl  vlide  6;  and  (3)  4+2 
cycloaddition  with  acting  as  a  dipolarophile .  Foote  has  shown 

that  ^0 2  can  be  formed  in  DCA-sensit ized  photooxvgenation  energv 


Scheme  3 
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r  1 3 

transfer  from  singlet  and  triplet  excited  DCA  to  oxygen.  Singlet  oxygen  could 

also  be  generated  as  a  result  of  the  electron  transfer  from  il,'  to  5.^ 

Experiments  are  in  progress  to  evaluate  the  role  of  ^0..,  and  ylides  in  this 

reaction.  However,  the  proposed  intermediacv  of  carbonyl  ylide  n  is  in  accord 

with  observations  of  several  groups  on  the  trapping  of  phot ogenera Led  carbonvl 
,  14,17  17a 

ylides.  For  example,  Griffin  has  recently  shown  that  direct  photolysis 


or  thermolysis  of  2, 3-diary loxirxnex  such  as  3a  and  3b  generates  carbonvl  vlides 
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thac  can  be  trapped  by  dipolarophiles  to  afford  substituted  te trahydrof urans . 

As  in  the  present  study,  the  major  products  arise  from  a  4  +  2  cycloaddition  of 

the  dipolarophiles  to  the  thermodynamically  more  stable  E, E-carbonvl  vlides.  In 

related  work,  Arnold ^  has  utilized  1 , 4-dicyanonaphthalene  as  an  e lec tron-transf er 

sensitizer  with  epoxides  3  in  the  presence  of  dipolarophiles  to  yield  substituted 

tetrahydrof urans  in  which  the  major  products  have  a  cis-diphenyl  relationship. 

The  proposed  mechanism  involves  formation  of  the  epoxide  radical  cation  followed 

by  back  electron  transfer  from  the  sensitizer  radical  anion  to  give  the  carbonyl 
18 

ylide.  Trozzolo  and  Griffin  have  used  spectroscopic  methods  to  characterize 
carbonyl  vlides  produced  by  the  photochemical  cleavage  of  epoxides.^ 

Additional  examples  of  the  photochemical  conversion  of  epoxides  to  ozonides 
are  shown  in  Table  1.  It  should  be  noted  that  the  ozonide  derived  from  1,2- 
diphenvlcyclohexene  oxide  was  previously  unknown  as  ozonation  of  the  corresponding 
alkene  does  not  yield  the  ozonide.  These  results  indicate  that  interesting  new 
ozonides  may  now  be  accessible  through  DCA-BP  cosensitized  photooxygenation  of 
epox ides . 

Related  studies  have  shown  that  certain  epoxides  which  exhibit  low  oxidation 

potentials  because  of  electron-donating  groups  or  ring  strain  can  be  oxidized  bv 

20,21 

DCA  directly.  Of  concern,  however,  was  the  report  by  Ohta  that  tjrans 

ozonides  are  formed  from  the  photooxvgenation  of  2 , 3-bis (4 ' -methoxypheny 1 ) oxirane 

20 

and  other  epoxides.  The  results  described  below  suggest  that  the  stereochemical 

assignments  by  Ohta  are  probably  incorrect. 

In  order  to  evaluate  anv  possible  influence  of  the  cosensitizer  on  the 

stereochemistry  of  these  reactions,  we  conducted  a  study  of  the  stereochemistry 

of  the  DCA-sens  i  t  ized  pliotooxvgen.it  ion  of  dinaphthvl  epoxides  which  undergo 

ox 

oxygenation  in  the  absence  ot  liP  (K  lor  7  and  8  =  1.50  -  1.5l)  V  vs.  St'li  in  Mo  ON ; 
k  for  DCA  =  1.37  -  1.54  x  lo'^  M  ^  s  S-  We  find  that  c  is  and  trails  epoxides 

q 

7  and  8  also  yield  exclusively  c  is  ozonides.  Hie  photo-ozon ides  9  were  isolated 
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by  preparative  TLC  on  silica  and  recrystallized  (Table  2).  Control  experiments 
have  shown  that  the  ozonides  are  stable  to  the  photooxygenation  conditions  and 
no  isomerization  of  the  epoxides  occurs  during  the  reaction.  For  comparison,  a 
sample  of  trans-2, 3-bis ( 2 ' -naphthy 1)-1 , 2 ,4-trioxolane  (10b)  was  prepared  bv 
ozonation  of  1 , 2-bis (2 ' -naphthy 1 )ethene . 


Np,v/  \>Np2 

H  H 

7 


Hv/  \>Np? 
Np,' . H 

8 


htf,  DCA 
02.  MeCN 


Ip,v/0nvnp 

h'\  r  H 

o—o 

9 


a,  Np,  =  Np2  = 1-naphtliyl 

b,  Np,  ;Np2 ;  2-naphthyl 

c ,  Np,  :  1-naphthyl,  Np2=  2-naphthyl 


Table  2.  Properties  of  Naphthy 1-Substituted  Ozonides 


Ozonide 

Isolated  yield  from  photoox.  (Z) 
(NMR  yield)3 

mp  (°C) 

c  is  9a 

78  (89) 

87-9 

cis  9b 

75  (89) 

172-4 

trans  10b 

— 

166-8 

c  is  9c 

35b  (80) 

108-10 

3h'MR  yields  were  determined  using  an  internal  standard.  bThis 
ozonide  appears  to  be  rather  unstable  and  suffers  decomposition 
during  isolation. 


In  our  earlier  study  of  the  cosensitized  photooxvgena t ion  ol  ris-  and  trans- 
2, 3-d iphenv 1 oxirane ,  we  had  compared  the  resulting  photo-ozon ide  to  authentic 
c  is  and  trans  ozonide  prepared  by  ozonation  of  stilhene.  The  stereochemistry 
of  these  ozonides  had  been  assigned  bv  Criegee  by  chromatography  over  cellulose 


,  •  m  ^  ’  •  ■»'  •  "  *  •  '  -  "  -  '  •  "  «  *  *  •  *  •  *  .  *  • 

*  "  a’.'/A-.v  v  /-*/  v 


Jr  J*  Jr  ■ 


acetate.*”  The  chiral  trans  ozonide  was  identified  by  its  partial  resolution 
on  this  stationary  phase.  Murray  and  coworkers  had  earlier  used  kinetic 
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resolution  by  brucine  to  identify  the  trans  isomer  of  diisopropyl  ozonide. 

In  order  to  establish  the  stereochemistry  of  the  naphthyl-substituted 

ozonides,  we  have  conducted  similar  experiments  utilizing  high-performance  liauid 

24 

chromatography  over  optically  active  (+)-polv(triphenvlmethyl  methacrylate). 

As  anticipated,  10b  obtained  from  ozonation  of  2 , 3-bis (2 ' -naphthv 1 ) ethene  was 
resolved  by  chromatography  over  this  stationary  phase  (figure  2A) ,  confirming 
the  trans  dinaphthvl  stereochemistry  of  this  ozonide.  Chromatography  of  the 
photo-ozonides  9a  and  9b  exhibited  only  one  peak  consistent  with  the  proposed 
cis  stereochemistry.  Any  remaining  uncertainty  regarding  the  structure  of  the 
photo-ozonides  has  been  removed  by  X-ray  crystallography  of  a  single  crystal  of 
ozonide  9b  (Figure  2B).  These  results  demonstrate  that  the  same  stereochemical 


1 


0  S  10  mm 


Figure  2.  A.  Chromatographic  resolution  of  t rans-  1, 9-b is( 2 '-naphthv 1 )- 1 , 2 , 4- 

trioxolane  (10b)  on  a  pS-ihiralpak  column  using,  MeOll  as  eluant. 

Peak  1  results  from  a  trace  impurity  of  2-naphtha ldehvde ;  the 
extinction  coefficient  at  244  nm  is  much  larger  for  the  aldehvde 
than  the  ozonides.  Peaks  2  and  i  show  the  separated  enantiomers  of 
the  t  ran s  ozon ide . 

B •  X-ray  structure  of  e i s-  1 , 3-b i s ( 2 ' -naph  t  h v 1 ) -  1  , 2 , 4- 1  r i oxol ane  ( 9h ) . 
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course  is  followed  for  electron-transfer  photooxygenation  of  easily  oxidized 
1,2-diaryl-substituted  epoxides  as  for  RCA/ BP  cosensitized  photooxygenation. 


3.  Formation  of  an  Ozonide  by  Addition  of  Singlet  Oxygen  to  a  Stabilized 
Carbonyl  Ylide.  The  striking  stereochemical  results  of  the  electron-transfer 
photooxygenation  of  1 , 2-d iary loxiranes  have  led  us  to  propose  a  mechanism  for 
this  reaction  involving  the  addition  of  singlet  oxygen  as  a  dipolarophile  to  an 
intermediate  carbonyl  ylide.  We  have,  therefore,  recently  investigated  the 
addition  of  singlet  oxygen  to  the  stabilized  ylide  12^  formed  by  photolysis  of  2,3- 
diphenylindenone  oxide  ( 1_1 )  .  Several  years  ago  Ullman  demonstrated  that  epoxide 

•■>5 

H  and  ylide  12  are  photochemicallv  interconvertible."  Irradiation  of  11  with 
ultraviolet  light  results  in  a  deep  red  solution  of  pvrylium  oxide  12. 

Subsequent  exposure  to  visible  light  regenerates  11.  Ullman  also  found  that 
photolysis  of  1_1  in  the  presence  of  oxygen  yielded  products  that  could  be 
explained  in  terms  of  the  decomposition  of  an  intermediate  ozonide.  We  have 
reexamined  this  reaction  and  obtained  the  first  direct  evidence  for  the  formation 
of  an  ozonide  from  a  dipolar  cycloaddition  of  singlet  oxygen  to  a  carbonyl  ylide. 
Ground  state  oxygen  also  reacts  with  12  to  give  13  but  at  a  much  slower  rate. 


254  nm,  A r 
MeCN 


670  nm,  0? 
MB,  MeCN 


Solutions  of  epoxide  11  in  MeCN'  were  deoxvgenated  with  argon.  Irradiation 
in  a  quartz  cuvette  with  a  low  pressure  Hg  lamp  afforded  intense  red  solution: 
of  ylide  12  (\  in  MeCN  =  333  nm).  After  generation  ot  the  ylide,  a  sulutii 
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of  methylene  blue  (MB)  in  MeCN  was  added  (A  of  MB  =  655  nm) .  The  resulting 
solution  was  simultaneously  bubbled  with  oxygen  and  irradiated  at  670  nm  using 
a  150-W  Varian  El MAC  Illuminator  and  monochromator.  Reverse  phase  HPLC 
indicated  the  formation  of  ozonide  _13  in  greater  than  95%  yield  (based  on 
reacted  ^11) .  MB  was  chosen  as  the  singlet  oxygen  sensitizer  for  these 
experiments  because  it  could  be  selectively  excited  at  670  nm  in  the  presence 
of  the  vlide.  A  control  experiment  in  which  oxygen  was  bubbled  through  a 
solution  of  \2_  in  the  dark  was  carried  out.  HPLC  analysis  showed  that  only  3% 
of  1_3  had  been  formed  (based  on  reacted  11) .  Additional  studies  of  this  system 
are  in  progress.  However,  these  preliminary  results  demonstrate  that  ^0-  is 
highly  reactive  towards  carbonyl  ylides. 

4 .  Photochemical  Conversion  of  Aziridines  to  1 , 2 , 4-Dioxazo Lid ine s .  Our 
results  on  the  photooxygenation  of  epoxides  have  led  us  to  investigate  the 
DCA-sensitized  reaction  of  other  heterocycles.  The  studies  resulted  in  the 

first  report  of  the  electron-transfer  photooxygenation  of  aziridines  and  the 

36,27 

isolation  of  the  resulting  1 , 2 , 4-dioxazo 1 idines . ~  ’  Unlike  the  corresponding 

diphenyl-substituted  epoxides  which  do  not  quench  the  fluorescence  of  DCA  and 

consequently  are  unreactive  in  the  absence  of  biphenyl,  the  more  easily  oxidized 

1  * 

aziridines  efficiently  quench  DCA  and  react  without  the  addition  of  the 

cosensitizer  (E°X  =  1.5-1. 7  V,  k  =  8.2-11  x  10^  M  ^  s  *).  The  stereochemistry 
P  9 

of  the  photooxygenation  of  Cjis-2, 3-diphenylazir id ine  (14a)  and  trans-2,3- 
diphenv laz ir id ine  (15a)  does,  however,  parallel  that  observed  with  the  corresponding 
epoxides  (Table  3).  We  have  found  that  only  the  cis  1 , 2 , 4-dioxazo  1  idine  1 6_a  is 
formed  from  the  DCA-sensitized  oxygenation  of  14a  and  I5a.  In  contrast, 
photooxvgenation  of  N-al ky 1-subst ituted  2 , 3-d  iphen v 1 az ir id  ines  provides  both 
isomers  of  the  peroxide.  The  cis/trans  ratio  of  isomers  decreases  with 
increasing  size  of  the  group  on  nitrogen. 


,  '>.V.v.v , 


1  -S' V V  v  • >V  v-  .<4 


Table  3.  Electron-Transfer  Photooxygenation  of  Aziridines 


3  1) 

Peak  potentials  vs.  SCE  for  the  irreversible  oxidation  of  the  aziridines.  Kate 
constants  for  quenching  of  DCA  fluorescence  in  nitrogen-saturated  MeCN.  cProducts 
were  determined  by  300  MHz  NMR  using  an  internal  standard. 

Photooxygenations  of  the  aziridines  shown  in  Table  )  were  carried  out  in 

-2 

oxygenated  MeCN'  with  1  x  10  “  M  substrate  and  6  x  10  M  IH'A.  Reactions  were 
complete  in  1.3-3  h  as  determined  by  reverse  phase  I1PI.C.  The  products  were 
analyzed  by  removal  of  the  solvent  at  0°C  under  vacuum  and  acquiring  NMR  spectra 


in  CDC1 


We  have  found  that  the  ratio  of  isomers  is  independent  of  reaction 


3' 


time  and  that  ^L6  and  I_7  are  not  significantly  decomposed  under  the  reaction 

conditions.  No  isomerization  of  the  starting  aziridines  was  detected  during 

photolysis.  The  dioxazolidines  have  been  characterized  by  reduction  with  Ph^P 

to  yield  benzaldehyde  and  the  corresponding  imines.  These  peroxides  are 

remarkably  stable  to  thermolysis  exhibiting  slow  decomposition  to  benzaldehyde 

and  amides  upon  heating  in  CD. 

o  6 


O 


(35%  dec.-  6  h,  100°C,C6D6) 


The  stereochemistry  of  the  dioxazolidines  has  been  unambiguously  established 
bv  the  following  observations.  Photooxvgenation  of  cis-l-benzyl-2, 3-dinhenvl- 
aziridine  (14e)  in  MeCN  gave  two  peroxides  with  an  isomeric  ratio  of  40:60.  The 
minor  cis  isomer  16e  exhibited  two  2H  singlets  at  <5  5.673  and  4.102  while  the 
major  trans  isomer  1 7e  exhibited  a  2H  singlet  at  5  5.886  and  a  2H  AB  quartet  for 
the  diastereotopic  N-benzvl  protons  at  6  3.700  and  3.779  (J  =  13.2  Hz).  These 
results  indicated  that  ring  protons  for  the  c_is  dioxazolidines  appear  at  higher 
field  and  were  used  to  stereochemicallv  assign  the  other  dioxazolidines.  As 
only  one  isomer  was  observed  from  the  photooxvgenation  of  the  N-unsubstituted 
aziridines  _14a  and  15a,  the  chemical  shift  of  the  ring  protons  could  not  be  used 
to  assign  the  structure  of  this  peroxide.  However,  treatment  of  the  N-unsubstituted 
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dioxazolidine  in  CDCl^  with  1.2  eqivalents  of  methyl  triflnte  in  the  presence  of 
2,6-diw-butylpyridine  afforded  in  80.1  yield  the  cis  isoner  16e  of  the 
N-methv 1 dioxazolidine . 

We  have  suggested  that  the  stereoselective  formation  of  cis  ozonides  from  r is 
and  trans-2, 3-diarv loxiranes  could  be  rationalized  in  terms  of  a  mechanism 
involving  concerted  addition  of  ^09  to  an  intermediate  carbonyl  vlide.  A 
similar  mechanism  is  proposed  for  the  DCA-sensitized  photooxygenation  of  aziri- 
dines  with  addition  of  as  a  dipolarophile  to  azomethine  ylides  (Scheme  4). 
Support  for  this  mechanism  is  provided  by  the  stereochemical  results  presented 
in  Table  3.  The  c^is  dioxazolidine  16a  is  formed  exclusively  from  14a  and  l_5n 
by  trapping  the  more  stable  ylide  2J3  (R  =  H)  .  However,  the  presence  of 
substituents  on  nitrogen  stericallv  destabilizes  ylide  20  and  its  radical  ion 
precursor  18^  leading  to  an  isomeric  mixture  of  dioxazol  idines  that  is  a  function 
of  the  size  of  the  group  on  nitrogen. 

Scheme  4 
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The  proposed  intermediacy  of  carbonyl  and  azomethine  ylides  in  the  electron- 


transfer  photooxygenation  of  epoxides  and  aziridines  is  as  yet  only  a  working 
hypothesis  which  adequately  explains  the  observed  results.  This  mechanism  is, 
however,  in  agreement  with  the  extensive  literature  on  the  trapping  of  photo- 
Ivtically  and  thermally  generated  ylides  by  dipolarophiles. ^ 

5.  Photochemical  Conversion  of  Cyclopropanes  to  1 , 2-Dioxo lanes .  We  have 
also  examined  the  DCA-sensitized  photooxygenation  of  aryl-substituted  cyclo¬ 
propanes  and  have  observed  the  formation  of  1 , 2-dioxolanes  (Table  4).  The 
products  from  these  reactions  were  isolated  by  chromatography  and  characterized 
spectroscopically.  The  stereochemical  results  from  the  photooxygenation  of  cjls- 
and  trans-1 , 2-dimethyl-l, 2-diphenylcvc lopropane  suggest  that  the  formation  of 
the  dioxolanes  occurs  stepwise,  perhaps  vjni  biradical  intermediates.  The 
photooxygenation  of  a  mixture  of  the  isomeric  1 , 2-dipheny lcyclopropanes  led  to 

the  formation  of  a  ketoalcohol.  This  result  is  in  agreement  with  the  observations 

28 

of  Mizuno.  It  is  possible  that  this  product  arises  by  decomposition  of  an 
intermediate  1 , 2-d  ioxolane. 

Although  these  cyclopropanes  are  more  easily  oxidized  than  biphenyl  (BP) 
and  consequently  quench  the  fluorescence  of  DCA  at  faster  rates  (Table  4). 
Nevertheless,  addition  of  BP  as  a  cosensitizer  to  these  reactions  decreases 
the  reaction  times  by  an  order  of  magnitude.  The  mechanism  for  the  rate 
enhancement  observed  with  BP  is  discussed  in  Section  IV-1,  page  3). 


r 


Table  4.  Cosensicized 


,  ,  ox 

Cyclopropane  L 


Electron-Transfer  Photooxygena t ion  of  Cvclopropanes 


(V) 3  k  (M  1  s  Products  (vields,  ”')L 
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1010 

PhV^vPh 
ph  o_o  ph 

o2h 

(35Z) 

(5  97.) 

109 

PhyAvPh 

Ph  o_o  Me 

(70%) 

io9 

Me  'q  (J  Me 

"’Y'V"* 
Me"  W"Ph 

(28':) 

(467' 

io9 

(277) 

(4  7  7) 

PhY^TPh 

O  OH 

(80  0 


Peak  potentials  for  the  irreversible  oxidation  of  the  cvclopropanes  were 
obtained  by  cyclic  voltammetry  in  MeCN  vs.  SCE:  Pt  electrode,  0.1  M  tetrn- 
ethylammonium  perchlorate,  scan  rate  =  900  mV  s-^.  bRate  constants  for  the 
quenching  of  DCA  fluorescence  in  nitrogen-saturated  MeCM.  cYields  were 
determined  by  N'MR  using  phthalide  as  an  internal  standard. 
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6.  Synthesis  of  a  Chemiluminescent _ L ,  2-Dioxetanc  bv  Cosensitized  Jvl.ec tron- 

Transfer  Photooxygenation.  We  have  found  that  DCA-BP  cosensitized  photooxvgenation 
can  be  used  to  produce  a  highly  chemiluminescent  1 , 2-dioxetane .  1 , 4-Phenan thro- 

dioxene  (22:)  was  recently  synthesized  in  our  laboratory.  Of  interest  was  the 
preparation  of  dioxetane  23  by  photooxygenation.  However,  we  found  that  22 
was  unreactive  both  towards  singlet  oxygen  and  electron-transfer  photooxvgenation 
with  DCA.  This  latter  observation  was  rather  surprising  as  22  exhibits  a  low 
oxidation  potential  (reversible  one-electron  oxidation  at  1.01  V  vs.  SCE  in  MeCN) 
and  quenches  the  fluorescence  of  DCA  at  a  diffusion-controlled  rate  (k  = 

q 

10  -1  -l  -° 

2.4  x  10  M  s  ).  However,  in  the  presence  of  BP  (1  x  10  M)  and  DCA 

-4 

(6  x  10  M)  the  photooxvgenation  of  22  proceeds  rapidly  to  yield  1 , 2-d ioxe tane 
2_3.  The  cosensitization  by  BP  in  this  reaction  is  similar  to  the  rate  enhance¬ 
ment  found  in  the  photooxvgenation  of  the  aryl  cyclopropanes.  In  both  cases  the 
substrates  are  more  easily  oxidized  than  BP  and  quench  the  fluorescence  of  DCA 
more  efficiently  (see  Section  LV-1,  page  33). 

The  decomposition  of  this  peroxide  in  MeCN  at  elevated  temperatures  to  form 
his  lactone  24  ( t,  at  77°C  =  6  min)  is  accompanied  by  intense  chemiluminescence. 

We  have  previously  observed  that  heterogeneous  materials  such  as  silica  gel  can 

29 

be  used  to  catalyze  the  cleavage  of  aryl-substituted  dioxetanes.  This  process 
was  tound  to  sign  it  icantly  increase  th_>  chemiluminescence  efficiencies.  The 
catalyzed  decomposition  of  23  is  currently  under  study. 
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/.  Pol vmer-  Inmob  i !  ized  Kndoperox ides  -  A  Recyclable  Smiri'L-  of  Singlet  Ox’.ven. 

.Singlet  I'xv.-m  i  j  reacts  with  a  wide  variety  of  organic  and  biological 

substrates.*  A1 though  this  species  can  be  generated  bv  irradiation  of  a  dye 

with  visible  1  ight  m  the  presence  of  o.xvgen,  there  are  various  applications  for 

which  an  e:  r  icient  chemical  source  of  ^0.7  would  be  useful.  Ideally,  such  a  source 

would:  (1)  generate  0  under  mild  conditions  (ambient  temperature)  in  a  variety 

>>r  solvents;  (.2)  provide  CL  "cleanly"  without  formation  of  other  reactive  species 

such  as  superoxide  and  hydroxyl  radical;  (3)  allow  for  convenient  workup  of 

oxygenation  reactions  and  isolation  of  products;  and  (4)  be  recyclable.  Our 

30 

experience  with  po l vine r- immobil ized  photosensitizers  has  led  us  to  develop  a 

1  3 

useful  chemical  source  of  0 ,  that  meets  the  above  criteria. 

Extensive  literature  exists  on  the  reversible  addition  of  to  polynuclear 
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aromatic  Hydrocarbons.  Photooxygenation  (either  direct  irradiation  or  dye 
sensitized)  of  these  substrates  affords  endoperox ides  which  can  subsequently  be 
decomposed  thermally  to  regenerate  *0,.  Although  anthracene  endoperoxides  have 
been  found  to  efficiently  produce  \l  ,  temperatures  of  80-L00°C  are  required. 
Naphthalene  derivatives,  on  the  other  hand,  liberate  at  more  moderate 
temperatures.  One  remaining  problem,  however,  with  this  chemical  source  of  ^0o 
would  be  the  difficulty  in  separating  the  resulting  naphthalene  from  the  desired 
oxygenation  product.  To  solve  this  problem,  we  have  developed  two  polymer- 
immobilized  naphthalene  derivatives  that  can  ho  photoehemieally  converted  to 
the  corresponding  endoperoxides.  These  materials  can  be  stored  at  -20°C  with  no 
loss  of  oxygen  but  used  to  produce  ‘0,  in  organic  or  aqueous  solutions  at  ambient 
temperature.  Only  a  simple  filtration  of  the  reaction  solution  is  required  to 
separate  the  product  from  the  polvnier  heads.  This  polymeric  material  c..n  he 
photochemical !y  recycled  and  used  again  for  oxvgenat ion  reactions. 

The  preparation  of  the  po 1 vner ic  singlet  nxvgen  generators  is  described  in 


Scheme  3.  The  carboxx  I  at e  derivative  of  i-nethvl naphthyl prup.mo ic  acid  was 


attached  by  nucleophilic  displacement  to  two  chlorome thy  1 ated  polymers:  a 


styrene-based  polymer^*3  (^^-CH,C1)  and  a 


a  copolvmer  ‘  ((HP)-CH^Cl)  of  the 


mono-ethvlene  glycol  ester  of  methacrvLic  acid  and  p-chloromethy 1  styrene . 

These  polymer  beads  are  crosslinked  and  are,  therefore,  insoluble  in  photo- 
oxvgenation  solvents.  The  polystvrene-based  naphthalene  (^^-NP)  is  hydrophobic 
and  compatible  with  organic  solvents  such  as  methylene  chloride  and  toluene.  For 


O0-mediatei  oxygenations  in  water  or  alcohols,  the  endoperoxide  of  the  hydrophilic 
HP)  -N’p  material  is  the  reagent  of  choice. 


Scheme  5 
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The  polymers  are  oxvgenated  bv  irradiating  a  suspension  of  the  beads  at  0  C 

in  acetone  using  Rose  Bengal  as  the  sensitizer.  A  400-W  high  pressure  sodium 

lamp  is  used  as  the  light  source.  When  the  oxygen  uptake  is  complete,  the 

irradiation  is  discontinued  and  the  polymer  beads  are  filtered  from  solution.  These 

oxygenated  beads  can  be  stored  indefinitely  at  -2 0°C.  A  typical  oxygenation  of 

a  substrate  is  carried  out  by  adding  2-3  equivalents  of  the  appropriate  polymer- 

immobilized  endoperoxide  to  a  solution  of  the  substrate  at  25-35°C  (t,  =  45  min 

'2 

at  30°C) .  After  complete  evolution  of  from  the  endoperoxide,  the  polymer 
beads  are  separated  from  the  reaction  by  filtration.  The  oxygenation  products 
are  subsequently  isolated  by  standard  methods.  Typical  examples  of  oxygenations 
carried  out  with  these  new  materials  are  shown  in  Table  5.  Preliminary  experi¬ 
ments  have  shown  that  >  50%  of  the  oxygen  released  by  the  polymeric  endoperoxides 


can  be  trapped  as  0,,.  Samples  of  the  polymer  beads  have  been  recycled  five 


n  <■* 

l  O 

8.  Evidence  for  a  Perepoxide  Intermediate  in  the  1,2-Cycloaddition  of 

Singlet  Oxygen  to  Adamantylideneadamantane .  Singlet  oxygen  (^O^)  reacts  with 

adamantv lideneadamantane  (25)  to  afford  the  unusually  stable  1 ,2-dioxetane  27 . 

Under  certain  conditions  the  photooxidation  of  25  can  yield  the  corresponding 
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epoxide  in  addition  to  the  dioxetane.  The  mechanism  for  the  formation  of  27 , 

and  in  particular  28,  has  been  a  subject  of  considerable  controversy.^  However, 

we  were  recently  able  to  demonstrate  that  the  key  intermediate  in  this  reaction 

is  perepoxide  26.  This  species  can  be  quantitatively  trapped  by  nucleophilic 

36 

oxygen-atom  transfer  to  sulfoxides  to  yield  sulfones  and  28 . 
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The  nucleophilic  character  of  perepoxide  2b  is  illustrated  by  the  results  ot 
an  investigation  of  substituent  effects  on  the  trapping  reaction.  A  series  of 
competition  experiments  with  substituted-phenv  1  methyl  sulfoxides  gave  relative 
reactivities  for  the  co-oxidation  of  these  sulfoxides  during  the  photooxygenation 
of  25  in  benzene:  m-Cl,  1.4;  p-Cl,  1.3;  11,  1;  p-Me,  0.79;  p-OMe,  0.68.  A 
Hammett  plot  of  the  logarithm  of  these  rates  against  a  gave  a  p-value  of  +0.52, 
r  =  0.995  (Figure  3).  These  results  are  consistent  with  theoretical  studies  of 
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Dewar'and  Kearns  which  predicted  that  a  perepoxide  would  be  a  very  polar 


Table  6.  Nucleophilic  Oxvgen-Atora  Transfer  to  Sulfoxides 


oxygen-atom  donor 

sulfoxide 

solvent 

Hammett  o-value 

reference 

o-o 

+  i 

Ad  2_A  Ad 

2_6 

X-C  ,H  SOMe 
o  4 

benzene 

+  0.52 

present 

study 

Me-jCOO” 

(X-C  H, )  SO 

6  4  2 

toluene 

+  1.4a 

b 

0 

II  _ 

PhCOO 

X-C ,H. SOPh 

O  *4 

dioxane-water 

+  0.71 

c 

R0C=t)-0~ 

(fluorenone  oxide) 

(X-C  H , ) oS0 
6^2 

benzene 

+  0.26 

d 

Me2+SOO~ 

(X-C  H , )  SO 
6^2 

benzene 

+  0.25 

e 

0 

II  _ 

Me  0 SOO 

“+ 

(X-C  H , ) oS0 

O  4  *1 

benzene 

+  0.23 

e 

'For  the  r.ui  t  ion  .»t  d i-suhst i tuted  dipiionvl  sulfoxides  with  Mo  -jCOO  ,  o  was 
calculated  iron  the  relative  rates  at  40° 0  given  in  this  paper  plotting  log 
h  r  e- 1  vs<  •-  ’■  .  -vi'ins  given  in  r  e  1  er  «.nc  i-s  d  and  o  were  calculated  also  in 

this  wav.  'K.  cur  l,  .  .  Miiuria,  and  0.  Modena,  d.  ('hem.  Sue .  ,  Perkin  II, 
AO  3  (  1978).  '  K  .  Car.  i  ind  C.  Modena,  r.azz  ,  Chim.  1 1  a  1  .  ,  94,  1257  (  1  964  )  . 
dv.  Sawaki,  it .  Cato,  and  Y.  Ogata,  1.  Am.  (hem.  See.,  10  3,  38  32  (1981  ). 

'  Y .  Sawak  i  and  Y.  ‘tala,  Ibid,  K)l,  (19, Si). 
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